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Alphaviruses are mosquito-borne pathogens distributed worldwide in tropical and temperate areas causing a wide
range of symptoms ranging from inflammatory arthritis-like manifestations to the induction of encephalitis in
humans. Historically, large outbreaks in susceptible populations have been recorded followed by the development

of protective long-lasting antibody responses suggesting a potential advantageous role for a vaccine.

alphavirus antibody immunity alphavirus vaccine

| 1. Introduction

Mosquito-borne alphaviruses are Group IV viruses that belong to the family Togaviridae . They are enveloped,
positive-sense, single-stranded RNA viruses with a size of =70 nm bearing a =11.7 kilobases genome which
encodes four non-structural proteins (nsP1, nsP2, nsP3 and nsP4) that serve as the virus’ replication machinery,
and five structural proteins (capsid, E3, E2, 6K and E1) that participate in the envelope assembly process .
Clinically, alphavirus infections in humans results in the development of viremia followed by an onset of febrile
symptoms [@. The development of inflammatory conditions compromising joints and muscle tissues has been
associated to arthritogenic alphaviruses such as chikungunya virus (CHIKV), O’nyong nyong virus (ONNV),
Mayaro virus (MAYV), Ross River virus (RRV), Semliki Forest virus (SFV) and Sindbis virus (SINV) with records of
persistent polyarthralgia in a fraction of patients. Conversely, neurotropic alphaviruses such as Eastern Equine
Encephalitis virus (EEEV), Western Equine Encephalitis virus (WEEV) and Venezuelan Equine Encephalitis virus

(EEEV) have been linked to the induction of lethal encephalitis in humans and animals Bl

Historically, alphaviruses have a proven record of causing massive outbreaks in susceptible populations RIEIZIE]
Additionally, the appearance of mutations favoring their ecological fit to new vectors has fueled alphavirus
propagation worldwide 229, A clear example of their potential as a health threat is the re-emergence of CHIKV in
2004 after a hiatus of more than 50 years since its discovery Bl. More recently, tropical emerging alphaviruses such
as ONNV and MAYV are believed to have the potential to become future major epidemics U123 Thjs is due, in
part, to the lack of robust diagnostic tests to differentiate alphavirus infections from other febrile tropical diseases

and the absence of continuous epidemiological surveillance masking their real potential for spread beyond
endemic areas [14I15][16],

Although alphavirus infections are generally not life threating the economic and social costs incurred during
outbreaks are thought to be high U8 Moreover, the lack of approved treatments leaves management of

alphavirus infections to supportive care 29, Interestingly, a body of work suggests that the alphavirus infection
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triggers potent humoral responses in exposed populations which seem to confer protection against re-infection 211,
Therefore, a better understanding of the antibody responses against alphaviruses is crucial for the development of

vaccines, which would represent a big advantage in the control of alphavirus infections.

| 2. Antibody-Mediated Alphavirus Immunity
2.1. Virus-Specific Antibody Kinetics Upon Natural Infection with Alphaviruses

The current knowledge on the role of antibody-mediated immunity upon viral infection has been gathered from
cohort studies following major alphavirus outbreaks. Serological surveys following CHIKV re-emergence in 2004
reported the quick development of IgM responses between five to seven days post-illness onset (P10) (22231 |gMm
is generally detectable for up to three months post-infection [24125126]  However, long-lasting IgM has been often
reported in patients with long-term CHIKV-induced polyarthralgia, which might indicate a constant antigenic
stimulation due to viral persistence 2. After the initial detection of IgM antibodies, IgG seroconversion reportedly
occurs between 4 to 10 days PIO taking over as the main immunoglobulin detected in serum 22128 Notably, IgG3
antibodies become the dominant IgG subtype produced upon infection and have been associated to efficient viral
clearance and protection against chronic CHIKV symptoms [23l, Importantly, IgG responses persist for several

years and might be potentially lifelong 22,

ONNV and MAYYV, both closely-related to CHIKV, are re-emerging arthritogenic alphaviruses believed to be
confined to sub-Saharan Africa, and Latin America, respectively BILUA2I5] Following the largest ONNV outbreak
in Uganda involving more than two million cases between 1959-1962 [Bl39 the induction of potent neutralizing
antibodies was described B, The first study cohort that evaluated IgM kinetics upon ONNV infection in Uganda 22
reported the appearance of IgM antibodies during the second week PIO which remained elevated for two months.
In contrast, reports from imported ONNV cases in Europe described detectable IgM levels as early as five days
PIO 381341 ONNV-specific IgG levels are increased in serum after the third week and remain high beyond two
months P10 B4 However, whether IgG responses are long-lasting remains unknown. Similarly, endemic MAYV
infections are characterized by the early appearance of IgM antibodies (3-8 days PIO) that might last for one to
three months 22138, |gG becomes detectable around 4—-10 days PIO B3 and remains elevated after 6-12 months
[371(38] |nterestingly, unlike ONNV and CHIKV infections, persistent arthralgia has been reported in more than half
of MAY V-infected individuals and although MAYV-specific antibody responses are critical for disease resolution it is

seemingly insufficient to protect patients from the development of chronic joint manifestations 2.

Other alphaviruses linked to continuous small outbreaks associated with arthritic manifestations in human
populations are RRV and SINV. RRV is endemic to Australia and is responsible for approximately 4000-5000
cases annually 49, Typically, antibody kinetics upon RRV infection are characterized by the development of IgM
titers between 7-10 days PIO, peaking at two to three weeks and lasting for 1-3 months 2142 |gM response
rapidly declines after three weeks PIO as IgG becomes dominant 421431 |nterestingly, IgM persistence has been
reported in some RRV cohorts 411, In one study 4], 19/116 (16.4%) of participants had detectable IgM levels that

lasted between seven months to eight years PIO. Likewise, less prevalent SINV has also been linked to the
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development of persistent virus-specific IgM levels. Although, generally, the antibody response upon SINV infection
generates IgM antibodies after 6-9 days PIO and IgG antibodies after 9—14 days, some reports described the
presence of detectable IgM levels up to four years suggesting active viral replication 2481471 The clinical

relevance of persistent IgM levels following RRV and SINV infection is yet to be determined.

Neurotropic alphaviruses such as EEEV, WEEV and VEEV cause sporadic cases of human encephalitis in the
Americas . While the natural reservoirs for these viruses are primarily birds and equines, humans are susceptible
to infection when the enzootic cycle of transmission leaks into mosquito populations with a wide range of hosts 481,
Given that human cases are rare, there is a lack of information regarding the development of antibody responses
upon natural infections by neurotropic alphaviruses. In a paired serology study 9 virus-specific antibody
responses were profiled in a cohort of 20 EEEV and 17 WEEV-infected patients. IgM antibodies were observed as
early as 1 PIO, peaking after 1-2 weeks and remaining detectable for up to three months. In contrast, 1gG

responses appeared during the second week PIO and remained elevated until the end of the follow-up period.
2.2. Experimental Evidence of the Role of Antibodies in Alphavirus Immunity

To better understand the role of antibody-mediated immunity upon alphavirus infection, several animal models
have been used allowing the detailed examination of the cellular compartments responsible for the initiation of
humoral immunity. The role of B cells in alphavirus immunity has been described in experimental CHIKV infections.
Inoculation of uMT mice (lacking mature B cells) with CHIKV resulted in higher viremia that persisted up to 402
days post-infection (DPI). In contrast, infected wild type (WT) mice were able to control the virus during the second
week post-inoculation B9, Similar findings were reported in other studies, where mouse strains lacking B cells

(UMT, Ragl, Rag2/IL2rg, NRG) infected with CHIKV displayed increased and persistent viremia for up to 515 DPI
(51152

B cells also play an important role in alphavirus-induced encephalitis. Although SINV infections in humans are
known to cause arthritic manifestations, SINV has been frequently used as a model of alphavirus-induced
encephalomyelitis in adult immunocompetent mice given the virus ability to infect neurons B2l Intracerebral
inoculation of SINV in uMT and severe combined immunodeficiency (SCID) mice resulted in defective viral
clearance from the brain, brain stem and lumbar spinal cord, virus persistence and recrudescence compared to WT
mice B4 The individual contributions of IgM and IgG antibodies to SINV clearance from brain tissues were
assessed in another study B8 where infection in AID™~ (unable to produce IgG), slgM™~ (unable to produce IgM)
and AID™~ slgM~"~ double-knockout mice resulted only in AID™~ sigM~~ being unable to control infection efficiently
suggesting that either IgM or IgG antibodies are sufficient to clear SINV from the central nervous system (CNS).
Similar results were obtained in SFV models of encephalitis where infection of uMT 8], SCID B4 and nude mice

with impaired antibody switching 8! led to viral persistence.

Infiltrating virus-specific B cells were observed in infected tissues in a murine model of SINV-induced encephalitis
(59601 Following intracranial virus inoculation, expansion of IgM-secreting plasmablasts was reported in the
cervical lymph nodes. Infiltration of CD19+ B cells occurred between 3-7 DPI and coincided with the starting of

viral clearance. During the clearance of persistent viral RNA (from 8-80 DPI), the accumulation of SINV-specific
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IgG and IgA-secreting B cells was observed being associated with increased SINV antibody titers over time 6%, |n
a subsequent study, it was reported that the brain microenvironment during the early stages of SINV infection

facilitates the migration, differentiation, expansion and long term survival of SINV-specific B cells 59,

Follicular helper T cells (Tgy) are a subset of CD4 T cells involved in the activation of B lymphocytes and the
establishment of robust antibody responses following antigen stimulation. Tgy promotes B cell differentiation,
isotype switching and affinity maturation. In experimental CHIKV infections, the use of CD4-deficient mice ruled out
the role of CD4 T cells in viral clearance from infected tissues 81, However, one study demonstrated impaired IgM
and IgG (IgG2c, IgG1, and 1gG2b) production in mice lacking CD4 T cells following CHIKV inoculation 82, Albeit
reduced virus-specific antibody levels, the neutralizing capacity of sera from virus-infected CD4-deficient mice was
marginally affected (62, Likewise, another study showed similar results upon CHIKV inoculation of MHCII22 mice
(defective of Tgy) BL. MHCII22 animals were unable to generate IgG1 antibodies and produced =100 fold lower
IlgG2c levels than WT controls. Nonetheless, MHCII22 mice were still able to control virus infection B, The
generation of virus-specific neutralizing antibodies in MHCII2 mice suggests a T-cell independent B cell activation
characterized by the inability to generate memory B cells. Whether CHIKV-specific antibody responses in mice

lacking CD4 T cells are long-lasting remains to be elucidated.
2.3. Viral Antigenic Regions Targeted by Neutralizing Antibodies

The notion of targeting humoral immunity as a therapy against alphavirus infection has been investigated since the
late 1930s following the isolation of EEEV, WEEV and VEEV. In a series of seminal studies involving immunization
of guinea pigs [63I[64165][66] the subcutaneous inoculation of live EEEV and WEEV strains protected guinea pigs
from lethal intracranial infection 31, Additionally, it was observed that immunization with formalin-inactivated virus
strains induced the production of neutralizing antibodies at a comparable level than animals immunized with live
viruses 8465661 sybsequent studies reported that passive transfer of hyperimmune rabbit serum protected mice,
guinea pigs and rabbits from WEEYV infection B8I671. Similarly, passive serum transfer was shown to be effective at
protecting mice from the development of neurological complications upon infection with a neuroadapted strain of
SINV [B8l89 comparable observations were reported in experimental infection models of VEEV 79, CHIKV 12
RRV [l and SFV 4],

The first attempts in identifying the exact structural regions, recognized by most neutralizing antibodies produced
upon infection, were conducted in experimental infection models of alphavirus encephalitis. Structurally, the
envelope of an alphavirus virion has a T = 4 icosahedral symmetry 13, E1 and E2 are two envelop surface
glycoproteins exposed in the viral spike as a heterodimer 2 (Figure 1). It is believed that the E1-E2 heterodimer
interacts with host receptors thus mediating viral entry 3. Additionally, the E1 and E2 glycoproteins were
postulated as highly immunogenic regions since their location in the spike facilitates antigenic recognition. In line
with this, early works mapped antigenic sites involved in VEEV, SINV and SFV neutralization to the E1 and E2
proteins using competitive binding assays but the exact amino acid sequences were not determined [Z8IZ7I78]
Later, a major antigenic region involving three epitopes important in the neutralization of RRV was identified in the

E2 protein (incorporating residues 216, 232 and 234) 2. Similarly, analysis of antibody escape variants
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determined important antigenic regions between amino acids 181 and 216 on the E2 protein of SINV [, A major
neutralization domain was also identified between residues 182207 for VEEV [81],

<~ E1 glycoprotein

C
E1 glycoprotein E glycoprotein
Dom| Domil | DomM | DomA | DomB | DomC

ONNY

MAYY 103

RRV '-m

SINV a1

WEEV 81

VEEV

Figure 1. Structure of the alphavirus E1-E2 heterodimer. Ribbon diagram (PDB: 3N41) highlighting (A) E1
glycoprotein (domain I: red, domain Il: yellow, domain III: blue, fusion loop FL: orange, E2: grey) and (B) E2
glycoprotein (domain A: cyan, domain B: green, domain C: pink, beta-ribbons: purple, E1: grey). (C) Table
summarizing reported antibody binding regions in the E1 and E2 glycoproteins of arthrogenic and neurotropic
alphaviruses. Numbers in the table refer to in-text citations describing such binding sites (See Reference list).
Background color matches protein doimains depicted in (A) and (B). To assess for the degree of conservation

among common antigenic regions across alphaviruses a sequence aligment analysis was conducted.

Following CHIKV reemergence in 2004 several reports identified major linear antigenic sites in the CHIKV E2
protein that induced the production of potent neutralizing antibodies. Using a CHIKV proteome-wide screening
approach, a single linear peptide located at the N-terminus of the E2 glycoprotein, E2EP3, was reported as
strongly recognized by convalescent CHIKV patients from different cohorts 23, Furthermore, experimental CHIKV

infection in mice and non-human primates (NHP) validated E2EP3 as an immunodominant linear epitope inducing
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potent neutralizing antibodies (231621821 |nterestingly, mice immunization with E2EP3 alone reduced joint swelling
and viremia upon CHIKV challenge 23, In another study focusing on human antibody responses to SINV in cohort
from Finland, 6 linear epitopes, located in the capsid, E2, E1 and PE2 (uncleaved E3-E2) proteins, were reported
831 Three of these epitopes were located to the glycoprotein spike complex between the residues 209-226 of E1
(E1-P5), 273-290 (E2-P3) and 308-325 (E2-P4) of E2 [83], Interestingly, the E2EP3 equivalent of SINV remained
non-reactive suggesting that antibody kinetics against linear E2EP3 between populations exposed to CHIKV and
SINV might differ 82,

The development of mouse and human monoclonal antibodies against different alphaviruses helped further the
understanding of antigenic responses upon infection by the identification of conformational epitopes. Early works
have shown the therapeutic value of mouse monoclonal antibodies in models of alphavirus encephalitis by SINV
[B4][85][86][87](88] gy [SEIB7IBI and VEEV 8, Interestingly, it was observed that neutralizing monoclonal antibodies
target antigenic regions in the E2 protein. Whereas, non-neutralizing antibodies bind to the E1 protein, yet both are
able to confer protection upon alphavirus infection, thereby suggesting other mechanisms of protection in vivo
besides virus neutralization 48, Several monoclonal antibodies targeting both E1 and E2 proteins have been
reported in the context of arthritogenic alphavirus infection. Mouse monoclonal antibodies targeting the A and B
domain of E2 and the domain Il of E1 B2 and the capsid protein 23184 have been reported for CHIKV.
Likewise, human anti-CHIKV monoclonal antibodies were found to target conformation epitopes in the E2
glycoprotein A (containing a putative RBD %)) and B (shielding the fusion loop in E1 28)) domains and proved
therapeutic value in experimental NHP infections [PAR7I98]  Monoclonal antibodies recognizing epitopes
predominantly between residues 58—80 (domains A) or residues 180-215 (domain B) of the E2 glycoprotein have
been also reported in the context of SINV (831 VEEV Bl EEEV [29][2001101] 'RpRy/ [102] gnd MAYV 193],

The combined evidence suggested the existence of common antigenic sites in the viral spike across alphaviruses,
particularly in the E2 protein. These sites are likely required for interaction with host cell receptors suggesting that
antibody binding might inhibit infection during viral attachment, entry, fusion or egress 29, In line with this, a recent
study reported the discovery of Mxra8, a cell adhesion molecule, as a host receptor required for viral entry of
multiple arthritogenic alphaviruses [24. Genetically altering mouse or human Mxra8 resulted in diminished
infection, conversely, overexpression of Mxra8 in cell lines increased infection rates by CHIKV, ONNV, MAYV and
RRYV [2041105] |nterestingly, mutagenesis experiments suggested E2 domains A and B as the putative binding site
for Mxra8 1941, This notion was later confirmed by cryo-electron microscopy images of Mxra8 bound to CHIKYV [208]
(2071 Mxra8 sits onto a cleft formed by two contiguous CHIKV E2-E1 heterodimers in one trimeric spike while
engaging a neighboring spike 1981 |t is believed that this interaction works against the virus by obstructing viral
fusion 1981 |mportantly, human neutralizing antibodies that recognize regions of the A domain of E2 inhibited the
binding of Mxra8 supporting the interactions determined in the cryo-EM atomic model. Notably, Mxra8 seems to not
be a receptor for neurotropic alphaviruses 224, The alignment of CHIKV residues involved in Mxra8 binding
reveled a degree of conservation in arthritogenic alphaviruses (44%), but diverged from neurotropic Alphaviruses
(14%) which might explain the negative results in the context of SINV, EEEV, WEEV and VEEV infections 198 |n
summary, the characterization of alphavirus antigenic epitopes has proven beneficial to pave the way for the

development of antibody therapies and vaccines.
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| 3. Alphavirus Vaccine Development

Recent decades have seen increased rates of geographic dispersal of arboviral re-emergence, due to factors such
as growth of global transportation, urbanization and failure of mosquito control 208I109][110I111] " Gjyen that humans
appear to be the only amplification hosts and viral reservoir during urban transmission 1121131 another effective
means of controlling the spread of infection is through vaccination. While there are currently no licensed or
approved vaccines available for alphaviruses, a multitude of approaches have been used to develop vaccine
candidates capable of, not only generating high levels of antibodies, but also providing long-lasting protection, with
the ease of administration and production requirements. Multiple methods such as live-attenuated viruses,
inactivated viruses, virus-like particles (VLP), recombinant subunit vaccines and chimeric vaccines have been

explored for vaccine options (Figure 2 and Table 1).

Arthritogenic Alphaviruses Neurotrophic Alphaviruses
Early Preclinical (Murine)
CHIV CHIKY [coninuad) VEEV EEEV
E2eps® VEE/CHIKY, EEEICHIKV and pMGAo20 DMAM  EEEVARES', cvEviz
CHIKV-HOLS FMA TS SIMCHIKY chimeras ™™ FL4AS COS-0D ET1.TT  SINMAEEV,
CHIKV-NoL 8177 VEEARES-CHIKVT FUNBIT LA
oy MR-CHIRVS, n cri VEEWIRESC'R B ———
£5naP3 ared SBK DHA MVA-BHE T, MVA-EIEZ and vassiee WEEY
Stopapariiop CHIRVIM  youp guep 1pagp e Fuvanzs oL PELELBICENTS
Criky MR CADVax-Chi 2 285 DA plasmi 70T pVHE-BT IS
Haparin sifaln call ssagted ™ rygyag CHICATT DNA-AGTTE SINCONZ,
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Baculvirus-supresed VL4 #nd AO3-5A10 plasmad DHAYTY  jm wpy Ags 18I
PIBLZE-TH, 182 -y M‘mﬁ SINTRD,  VEEW EEEW WEEV
(AMARSNEY. ONALSsPY T W:-""
CHIRV-EET and sEZ 11510 wEMANE FadVEE V1T
CHIKE and E2 recombinant CnAdOw! May™® ASINSFVVEEVTIE WEEWEEEV
prosina ' EILVIVEEY' 25220 LANAC Etacta®7

Figure 2. An outline of the current vaccine options against arthritogenic (left panel) and neurotropic (right panel)
alphaviruses. Most of these vaccine candidates are currently under preclinical testing (early preclinical—vaccine
candidates tested in mouse models; late preclinical—vaccine candidates currently under testing in non-human

primates (NHP)), while a minority of them are currently undergoing clinical trials (Phase 1, 2 or 3). LAV, live-
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attenuated virus; VLP, virus-like particle; SIN, Sindbis virus; ISFV, Isfahan virus; May, Mayaro virus; EILV, Eilat

virus, VSV/VSIV, vesicular stomatitis virus; MV, measles virus; MVA, modified vaccinia virus Ankara. Data curated

from literature reported through February 2021. Numbers in superscript refer to reference numbers (See Reference
(23][73][114][115][116][117][118][119][120][121][122][123][124][125][126][127][128][129][130][131][132][133][134][135][136][137][138][139][140][141]

’ﬁtZHl%HlMHl%HHG][MMMM[@M[@M[@MM@]@]MM@@M[@[@]@[@]MMM

[202][203][M[&][m][M[&][&][m][m]r2121[2131r2141[2151[2161[g][m][m][@])_

Table 1. List of vaccine candidates against relevant alphaviruses currently under development 1.

Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vi Name Modelled Aft Phase Dose (Strain R 2]
ainst Virus odelle er 8 esponse(s,
& Dose Route Schedule Route P ©
Genotype)
Live-attenuated
’ 10° PFU
RnElleY s.c. in the s.c. in the IC50, 613 (RH-
. _ LR2006 OPY1 .
CHIKV, C57BL/6 mice, ventral side of . ventral side of  CHIKV), 3407 (EV- o
EV-CHIKV LR2006 OPY1 10° PFU o Single dose  or WT-ONNV o 11301
ONNV 3 week old the right hind the right hind CHIKV), 921
footpad LIS e footpad (RHEV-CHIKV)
ootpal ootpal g
RHEV-CHIKV P 3 mpim P
CHIKV A5nsP3 LR2006 OPY1  C57BL/6 mice, ) 108 PFU -
10 or 10° s.c. in both . 132
(VLA1553-301 5 to 6 week Single dose LR2006 s.C. NT50, 100 to 1000 (133
P . PFU flanks .
in clinical trials) old OPY1, 7 wpim
and A6K
100 AID50
(corresponding
Cynomolgus s.c. in the right to 7000—
macaques, 3— 10° PFU upper back Single dose 10,000 PFU) V. NT50, >1000
4 years old side LR2006
OPY1, 123
dpim
Human clinical 3.2x 108, i.m. Two doses NA NA GMT, 592.6 to
trial, Phase 1 (0Oand 6 686.9
3.2 x 10% or months, or 0
3.2x10°
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vi Name Modelled Aft Phase Dose (Strain R Xy
gainst virus ocetle er Dose Route Schedule ' Route e
Genotype)
TCID50 and 12
months)
10* PFU of
. <10% cells
C57BL/6 mice, B ) LR2006 OPY1 ) 6 E
CHIKV CHIKV-NoLS LR2006 OPY1 10" PFU s.C. Single dose . s.C. infected at 10”
21 days of age or Ross River -
) . serum dilution
virus, 30 dpim
~5-25 (Stop
Stop CHIKV CHIKV) and ~10—
C57BL/6 mice, 25 (SuperSto
CHIKV LR2006 OPY1 10* PFU S.C. Single dose ND ND (Sup & 1134]
SuperStop 5 week old CHIKV) fold
CHIKV reduction
compared to mock
10° PFU
. C57BL/6 mice, 5 s.c. into the left . CHIKV s.c. in the PRNT50, 5 to [235]
CHIKV ChikV HR 37997 ~10° PFU Single dose
28 days of age footpad SL15649, 28 footpad ~500
dpim
) 10° PFU
Heparin sulfate ~40 to 1000 fold
CD-1 mice, 21 5 s.c. in the rear . LR2006 136
CHIKV cell culture LR2006 OPY1 10° GE Single dose NA change compared
days old footpad OPY1, 21
adapted . to mock
dpim
VEEV V3526 IA/B Trinidad BALBI/c, 6 to 8 L7
[138]
donke week 139
V . ) 10° PFU of L2
oldC3H/HeN 10° PFU s.C. Single dose . NP ND 140]
. TrD, 28 dpim
mice, 6to 8
week old
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vi Name Modelled Aft Phase Dose (Strain R Xy
ainst Virus odelle er , esponse(s
g Dose Route Schedule Route P ©
Genotype)
Cynomolgus ~108 PFU
macaques 2.5 x 106 . VEEV |IE PRNT80, 28 to
s.c. Single dose aerosol
(age not PFU 68U201, 8 2560
specified) wpim
Rhesus 1.3 x 10% or
o . PRNT80, ~80 to
macaques (2 7.5 x 104 s.c. ori.t/is. Single dose ND ND .
to 4 years old) PFU
Human clinical 250r 125 .
s.C. Single dose NA NA NA
trial, Phase 1 PFU
BALB/c mice, 10* PFU of
_ PRNT80, 160
4 to 8 week 104 PFU s.c. Single dose VEEV TrD, 28 s.C.
_ 01280
old dpim
IA/B Trinidad Single dose T
VEEV V4020 142
(or second
donkey Cynomolgus 10 to 107
. . dose at 2 x
macaques s.c. in the right PFU of the
~10* PFU 10* PFU aerosol PRNT80, >640
(age not leg o VEEV TrD, 73
» i.m. if did .
specified) dpim
not
seroconvert)
5'U4&6 C65-69
. . 10° PFU .
E71-77 CD-1 mice, 5 s.c. in footpad, . s.c. in both PRNTS80, 16 to 7
EEEV FL93-939 1.5 x 10° GE _ Single dose EEEV FL93,
3'U11337 to 6 week old ori.c. . footpads ~4000
21 dpim
mutants
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vil Name Modelled Aft Phase Dose (Strain R Ref
ainst Virus odelle er , esponse(s
g Dose Route Schedule Route P ©
Genotype)
Live-attenuated (IRES)
100 PFU
A129 mice, 3 _ . LR2006 _
104 PFU i.d. Single dose id. PRNT80, >320
or 10 week old OPY1, 94
dpim
1055 PFU
C57BL/6 mice, s.c. in the hind . .
10° PFU Single dose Ross CHIKYV, i.n. Mean PRNT80, 62
3 week old leg .
21 dpim
144
CHIKV CHIKV/IRES LR2006 OPY1 145
100 PFU
A129 mice, 8 . LR2006 ) Mean PRNT80,
10° TCID50 s.c. Single dose id.
to 10 week old OPY1, 50 1152
dpim
10° PFU
Cynomolgus . PRNT80, 40 to
X . LR2006 s.c. in the
macaques, >3 10° PFU s.c.ori.d. Single dose X 640PRNT50, 160
OPY1, 52 upper deltoid
years old i to 1280
dpim
_ 10° PFU
A129 mice, 6 i . .
ONNV CHIKV/IRES LR2006 OPY1 10* PFU id. Single dose  ONNV SG650, id. PRNT80, 160 146]
to 7 week old .
38 dpim
VEEV ZPC/IRESVL, ID ZPC738 _ s.c.in the 10° PFU e
CD-1 mice, 6 . s.c. or PRNTS80, 40 to
ZPC/IRESvV2 10° PFU scruff of the Single dose VEEV 3908, 4
to 8 week old . aerosol 324
back wpim
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vi Name Modelled Aft Phase Dose (Strain R Xy
gainst virus ocetle er Dose Route Schedule ' Route e
Genotype)
Cynomologous ~8x10°t0 9
i PRNT80, <20 to
macagques, s.c. in the . x 10% PFU
10° PFU . Single dose aerosol 20PRNT50, <20 to
age not upper deltoid VEEV 3908, -
specified 35 dpim
NIH Swiss 10° PFU of
. s.c. in the . . PRNT80, 160 to 147
EEEV EEE/IRES FL93-939 mice, 3to 4 104 PFU . . Single dose FL93-939, 4 i.p.
medial thigh . 640
week old wpim
(Lethal dose,
CD1 mice, 6 to s.c. in right . NP) 68U201 at PRNT80, 64 to
10° PFU ) Single dose s.c.
8 week old hind leg 1,3,0r12 ~300
mpim
VSR 68U201/IRESv1 B GELRE (148
68U201/IRESV2 ]
Cynomolgus 4 x 10* PFU
macaques s.c.in the . VEEV IE PRNT80, ~100 to
10° PFU ) Single dose aerosol
(age not upper deltoid 68U201, 49 340
specified) dpim
o _ 10* PFU of
IA/B Trinidad CD-1 mice, 8 . Mean PRNT80,
VEEV VEEV/IRES/C 10° PFU s.c Single dose VEEV 3908, 6 s.c 1501
donkey week old . 184
wpim
MAYV MAYV/IRES MAYV-CH 2 x 108 PFU of =
BALBIc, 6 _ . _ PRNT50, >640 (at ~ [151
2 x 105 PFU s.c. i.pl. route Single dose WT MAYYV, 28 s.c. i.pl. route i [152]
week old . 21dpi)
dpim
AG129 2x10% 2 x s.c. i.pl. route Single dose 2 x 103 PFU of  s.c. i.pl. route ND
10% or 2 x WT MAYYV, 14
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vil Name Modelled Aft Phase Dose (Strain R Ref
ainst Virus odelle er , esponse(s,
g Dose Route Schedule Route P ©
Genotype)
102 PFU dpim
CD-1, 28-day 5 s.c. over the . PRNT80, 160 to =
10° PFU Single dose ND ND
old dorsum 640
_ 10* PFU of
AG129,5t08 4 i.d. on the left . PRNT80, 320 to =
10" PFU Single dose WT MAYYV, 29 s.C.
week old foot . 640
dpim
Inactivated
Swiss albino Three doses
Vero cell . 10, 25 or 50 [153]
CHIKV DRDE-06 mice, 3to 4 s.c. (0, 14 and ND ND PRNT90, 6400
adapted ug
week old 28 days)
) 2.5 x 10*
Et 10, 20 or 50 Two doses TCID50 IND GMT, NT50, 80 t
' , 20 or - , 5 (o}
BPL/formalin- 4 to 6 week i.m. (0and 14 i.n. 1154
. . Hg 06-AP3, 4 or 1280
inactivated old days)
22 wpim
CHIKV ELallSY IND-06-AP3
BBV87 (in
( - - . Three doses
clinical trial uman clinical , 20 or
inical trials) : i.m. (0,29 and NA NA NA 1155
trial, Phase 1 Mg
57 days)
73
RRV Vero cell T48 0.0025, 0.0, . o
) . Two doses 10° TCID50 [115]
culture-derived CD-1 mice, 7 0.039, 0.156, . Mean NT, 2.9 to [128]
i s.c. (0 and 28 RRV T48, 42 iv.
whole-virus to 8 week old 0.625, 2.5 or ) 46.2 [129)
. days) dpim
RRV vaccine 10 ug
Ross River
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vi Name Modelled Aft Phase Dose (Strain R Xy
ainst Virus odelle er , esponse(s
g Dose Route Schedule Route P ©
Genotype)
Virus (RRV) . Two doses .
Vaccine A129 mice, 7 0.063, 0.25 ) (©and 21 10%® TCID50 s.c. into left Mean NT, <14 to
i.m. an
to 8 week old orlpg T48, 42 dpim footpad 21
days)
CD-1 mice, Two doses
106 TCID50 _
age not 10 pg s.C. (0 and 28 . i.v. 1000 TCID50
= T48, 6 wpim
specified days)
Guinea pigs Single or
e < 106 TCID50
(Duncan two doses .
10 ug s.C. T48, 10 or 34 V. NP
Hartley), age (0 and 6 .
» wpim
not specified weeks)
Three doses
Human clinical 1.25,2.5,5, . in escalation
. i.m. NA NA GMT, 50 to 520.9
trial, Phase 1/2 or 10 ug (0, 21 days,
6 months)
. Three doses
Human clinical . UNT GMT, ~0 to
X 2.5ug im. (0, 3 weeks, NA NA
trial, Phase 3 85
6 months)
EEEV TSI-GSD-104 PE-6 Human clinical NP s.c.(0and 28  Three doses NA NA PRNT80 >40 in —
(formalin trial, Phase 2 days), i.d. (6 (0, 28 days 60% subjects [158]
inactivated) months) and 6 (primary doses)
months) versus 84%
subjects

(completed the 2-
dose primary
series and the 6-
month dose)
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
[P Name Modelled Aft Phase Dose (Strain B Ref
ainst Virus odelle er , esponse(s,
g Dose Route Schedule Route P ©
Genotype)

Lethal dose of

fCVEV1219 Single dose EEEV FL93-
BALB/c mice, 0.1to 5 pg of or two 939, at 28
f . . . . . . PRNT80, ~1 to [159]
EEEV iCVEV1219 CVEV1219 6 to 8 week inactivated i.n., s.c.orim. doses (0 dpim (single aerosol G
old EEEV and 28 dose) or 56
gCVEV1219 days) dpim (two
doses)
. 0.2 ug (s.c.) Two doses 10* PFU
. BALB/c mice, . aerosol or GMT PRNT80, [260]
VEEV V3526 virus V3526 or 0.04 pg s.c. ori.m. (0 and 28 VEEV TrD, 56
6 week old ) . s.C. ~60 to 2500
(i.m.) days) dpim
i.n., s.c. (under )
. 454 (i.n.), 897
. the skin over i
BALB/c mice, (i.m.) or 55 . o
) the neck) or . Microneutralization (161
VEEV F-ivV3526 V3526 8 to 10 weeks 1,3 0r5ug X . Single dose (s.c.) PFU aerosol ) 162]
i.m. (thigh titer of 100 to 3500
old VEEV-TrD, 56
muscle of the .
. dpim
hind leg)
Virus-like particle
CHIKV VRC 311 37997 BALB/c mice, 2 doses (2 [
6 to 8 week 19 i d5 ND ND 690, 1070310 i
0 8 weel i.m. ani
e 54600 P
Or old weeks) 163]
VRC-
CHKVLP059- 10'° PFU
Cynomolgus 3 doses (0,
00-VP/ . LR2006 . IC50, 10219 to
macaques, 3 20 ug i.m. 4 and 24 v
PXVX0317 (in OPY1, 15 15072
to 4 years old weeks) .
clinical trials) wpim
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vi Name Modelled Aft Phase Dose (Strain R Xy
gainst virus ocetle er Dose Route Schedule ' Route e
Genotype)
. 3 doses (0,
Human clinical 10, 20 or 40 . IC50, 4525 to
. im. 4 and 24 NA NA
trial, Phase 1 Mg 8745
weeks)
Human, 2 doses (0
clinical trial 20 pg im. and 28 NA NA EC50 GMT, 2005
Phase 2 days)
Human clinical
. Two doses
trial (Phase 6, 10 or 20
. NP (0 and 14 or NA NA NA
2b, recruitment ug
28 days)
completed)
2 doses (0
AG129, 6 1000 TCID50 . [164]
1 g s.C. and 21 . i.p. PRNT95, 40 to 80 165
week old S27, 6 wpim
days)
Baculovirus-
CHIKV . S27
EXPIESSEU VLEF
C57BL/6 mice, 10* CCIDs
6 to 12 week 0.1or1pug s.c. Single dose LR2006 s.C. NT95, ~1,100
old OPY1, 6 wpim
BALB/c mice, Three doses
Yeast- 10, 20 or 40
CHIKV DRDEO6/DRDE0O7 4 week or 2 s.c. (0, 14 and ND ND NT50, 128 to 2048 168
expressed VLP ug
days old 28 days)
VEEV Venezuelan NA Human clinical 2,10, 0r 20 i.m. Dose NA NA NA L2t
Equine trial (Phase 1, Hg escalation
Encephalitis not recruiting) (0, 28 days,
Monovalent and day 140
Virus-Like booster)
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vi Name Modelled Aft Phase Dose (Strain R Xy
gainst virus ocetle er Dose Route Schedule ' Route e
Genotype)
Particle Vaccine
(VEEV)
2.5 x 108 PFU
WEEV CBA87,
8.9 x 10° PFU
monovalent
BALB/c mice, Two doses EEEV FL93-
(5 pg) or . PRNT80, ~250 to
6 to 8 week . im. (0and 21 939, and 1.3 x aerosol
trivalent (5 5 100000
old days) 10° PFU
ug each) -
VEEV Trinidad
donkey, 56
dpim
[168]
WEEYV, VRC-
WEEV CBA87, 10° PFU
EEEV, WEVVLP073-
. EEEV PE-6 and WEEV CBA87,
and 00-VP (Trivalent s
. VEEV TC-83 Cynomolgus Monovalent 10° PFU
VEEV vaccine) Two doses
macaques, (20 pg) or . EEEV FL93- PRNT80, ~1000 to
i.m. (0 and 28 8 aerosol
age not trivalent (20 days) 939, and 10 10000
ays,
specified ug each) 4 VEEV Trinidad
donkey, 56
dpim
Dose
Human clinical 6, 30 or 60 ) escalation 169
) i.m. NA NA NA
trial, Phase 1 Mg (0Oand 8
weeks)
DNA/RNA
i 4 [170]
VEEV VEEV 26S DNA I/AB TrD BALB/c mice, ~3 ug DNA/gene Three doses ~10" PFU of s.c., aerosol PRNT50, GMT o
plasmid 6 to 8 week gun, delivered (at 3-week TrD, 9 wpim <l6to25
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vi Name Modelled Aft Phase Dose (Strain R Xy
gainst virus ocetle er Dose Route Schedule ' Route e
Genotype)
old to two sites on intervals)
the abdomen
of each mouse
DNA/gene
Hartley guinea gun, delivered  Three doses a
) ) ~10* PFU of
pigs, age not ~5 ug to two sites on (0,4and 8 . aerosol PRNT50, 0 to 640
. TrD, 21 wpim
specified the abdomen weeks)
of each mouse
immunised
with the
1 pg of DNA DNA 100 LD50 of
BALB/c mice, per dose and vaccines on virulent
VEEV DNA-Ad TC-83 6 to 8 week 107 PFUOf  gene guni.n. day 0, 14 airborne aerosol PRNTS0, 160 172
old RAd/VEEV and 28 and VEEYV, 63
#3 per boost Ad-based dpim
vaccine on
day 42
AG4-1C7
. particle- ~10% PFU of
AG4-1G2 AG2- BALB/c mice, . Three doses
mediated VEEV TrD PRNT80, ~1t0 5.5 73
VEEV 5A7 I/AB TrD 6 to 8 week 4 ug . (at 3-week aerosol
epidermal i (=1000 LD50), logio GMT
old i X intervals) .
AG2-5A10 delivery (i.d.) 70 dpim
plasmid DNA
10° PFU
) BALB/c mice, i.m. . PRNTB80, 10 to 174
VEEV pTC83 iDNA TC-83 50 ug . Single dose VEEV 3908, s.C.
3 week old electroporation o 320
pim
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Against Vi Name Modelled Aft Phase Dose (Strain R Xy
gainst virus ocetle er Dose Route Schedule ' Route e
Genotype)
1500 PFU
pE3-E2-6K-E1 WEEV 71V-
Three doses 1658,
BALB/c, age . 175
WEEV pE3-E2 71V-1658 i 2 ug gene gun (14 days in. ND
not specified .
apart) Fleming, or
P6K-E1 CBA87, 42
dpim
C57BL/6 mice, Two doses
25 g, 2-3 .
3 to 4 week . Electroporation (2 weeks ND ND ND
times
old apart)
C57BL/6 mice, . Three doses  7log;q PFU of
i.m.
6 to 8 week 25 ug - i (0, 14 and PC-08, 35 in. NP
electroporation
PCHIKV- old b 21 days) dpim
Capsid, 176]
CHIKV PCHIKV- Consensus 1L
[178]
Two doses
el BALB/c mice 25 1g Hm- (2 weeks 7log10 PFU in TCID50, 20 to 320
(PMCES321) electroporation PC-08 o '
apart)
Rhesus
) Three doses
macaques, i.m. TCID50, 80 to
1mg i (4 weeks ND ND
age not electroporation 1280
- apart)
specified
Single dose
C57BL/6 mice, i.d. with or two 10% PFU
A5nsP3 and NT50, 100 to 131
CHIKV LR2006 OPY1 5 to 6 week 20 pg DermaVax doses (0 LR2006 s.C.
NA6K DNA ) . 10000
old electroporation and 3 OPY1, 7 wpim
weeks)
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Immunization Challenge
Vaccine v Strain Vaccine - Humoral Immune "
Against Virus ame Modelled After ase Dose (Strain, Response(s ©
g Dose Route Schedule Route P ©
Genotype)
s.c. in the
. ventral/lateral
s.c. in the 104 PFU )
. side of the
C57BL/6 mice, ventral/lateral . LR2006 )
2 ug X Single dose right PRNT80, 0
28 days of age side of the OPY1, 30 e
. . (ipsilateral) or
right foot dpim
left
(contralateral)
CHIKV-NoLS 126
CHIKV LR2006 OPY1
RNA
s.c.inthe
i ventral/lateral
s.c. in the 104 PFU )
. side of the
AG129 mice, ventral/lateral . LR2006 .
T . 2 ug - Single dose AL right ND .
ays o side of the ,
4 . . (ipsilateral) or erglng
right foot dpim
left
(contralateral)
it. Rev.
10* PFU
VEEV IAB TrD
VEEV, VEEV IAB TrD, CEEUR S or 2 x 10* PFU
mice, wo doses
WEEV WEEV CBA874 im. WEEV PRNT80, ~1 to
3-EEV 6 to 8 week 15 pg . (0 and 21 aerosol a79]
and and EEEV FL91- d electroporation days) CBA874 or 1000
ol ays,
EEEV 46794 Y 105 PFU
EEEV FL91- the 64-
46794, 7 wpim
MAYV SCMAYV-E NA Single, two 18q)
C57BL/6 mice, . doses or EaSt
i.m.
5 to 8 week 25 ug . three doses ND ND PRNT50, 789.8
electroporation
old (at 2 week
intervals)
S,
2, M.C.; Glass, P. J.; et al. Chikungunya virus strains, Reunion |  1d

outbreak. Emerg. Infect. Dis. 2006, 12, 1604-1606.

8. Aaskov, J.G.; Mataika, J.U.; Lawrence, G.W.; Rabukawaqa, V.; Tucker, M.M.; Miles, J.A.; Dalglish,
D.A. An epidemic of Ross River virus infection in Fiji, 1979. Am. J. Trop. Med. Hyg. 1981, 30,
1053-1059.

9. Tsetsarkin, K.A.; Vanlandingham, D.L.; McGee, C.E.; Higgs, S. A single mutation in chikungunya
virus affects vector specificity and epidemic potential. PLoS Pathog. 2007, 3, e201.

10. Tsetsarkin, K.A.; McGee, C.E.; Volk, S.M.; Vanlandingham, D.L.; Weaver, S.C.; Higgs, S. Epistatic
roles of E2 glycoprotein mutations in adaption of chikungunya virus to Aedes albopictus and Ae.
aegypti mosquitoes. PLoS ONE 2009, 4, e6835.

11. Rezza, G.; Chen, R.; Weaver, S.C. O’'nyong-nyong fever: A neglected mosquito-borne viral

disease. Pathog. Glob. Health 2017, 111, 271-275.

12. Acosta-Ampudia, Y.; Monsalve, D.M.; Rodriguez, Y.; Pacheco, Y.; Anaya, J.M.; Ramirez-Santana,
C. Mayaro: An emerging viral threat? Emerg. Microbe. Infect. 2018, 7, 163.
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
. ) Name Phase Strain B Ref
Against Virus Modelled After Dose Route Schedule Dose ( s Route esponse(s)
Genotype)
1 Single, two
. . doses or d
A129 mice, 4 i.m. 102 PFU _
0 6 week old By electroporation hree doses MAYV 15537 H ND
©6 (at 2 week )’ 172’
intervals)
104611.
P _ 6 x 10° PFU
1 p181/25-7 TSI-GSD-28 . 10 ug L Single dose  CHIKV Ross, i, PRNT80,160t0 5 =@~
3 week old electroporation 28 dpim 1280
BALB/c mice, R aro
CHIKV dMaB NA age not 100 pg Electroporation  Single dose a8 e s.c.ori.n. IC50, 3 to 4.5l0g;9 [282]
specified
1 — M. S.;
. i.m. in the TR s.c. at the
R C57BL/6 mice, 0.125, 1.25 gastrocnemius . dorsal side of -
CHIKV LR2006 OPY1 Single dose LR2006 . NT50, ~1 to 104 1183 g
DNAASRSP3 8 week old or 10 ug muscle of the e . each hind
left hind leg ety foot
1 _ 10* PFU
pMG4020 DNA BALB/c, 410 8 i.m. A PRNTS0, 320 to
VEEV ) TC-83 0.5 or 5 ug ) Single dose  VEEV TiD, 28 s.C. A
plasmid week old electroporation dpim >1280 ra
VEEV VEEVyr IAB TrD ~10*PFU —
X Two doses 185]
1 VEEVcocap BALB/c, 6 10 8 i.m. VEEV 1AB PRNTS0, 1 to Jlina-
week old ST electroporation (8 weeks strain TrD, 7 aerosol ~4.5l0g9
VEEVco apart) wpim 2Z-
2018,
New Zealand 500 pg of im. Three doses ND ND PRNT80, ~3log;o
White rabbits, VEEVco electroporation (0, 28 and to 5logyg

19. Thompson, R.; del Martin Campo, J.; Constenla, D. A review of the economic evidence of Aedes-
borne arboviruses and Aedes-borne arboviral disease prevention and control strategies. Expert
Rev. Vaccin. 2020, 19, 143-162.

20. Cunha, R.V.D.; Trinta, K.S. Chikungunya virus: Clinical aspects and treatment—A Review. Mem.
Inst. Oswaldo Cruz 2017, 112, 523-531.

21. Lundstrom, K. Alphavirus-based vaccines. Viruses 2014, 6, 2392—-2415.

22. Panning, M.; Grywna, K.; van Esbroeck, M.; Emmerich, P.; Drosten, C. Chikungunya fever in
travelers returning to Europe from the Indian Ocean region, 2006. Emerg. Infect. Dis. 2008, 14,
416-422.

23. Kam, Y.W.; Lum, EM.; Teo, T.H.; Lee, W.W.; Simarmata, D.; Harjanto, S.; Chua, C.L.; Chan, Y.F;
Wee, J.K.; Chow, A.; et al. Early neutralizing 1gG response to Chikungunya virus in infected
patients targets a dominant linear epitope on the E2 glycoprotein. EMBO Mol. Med. 2012, 4, 330-
343.

24. Pierro, A.; Rossini, G.; Gaibani, P.; Finarelli, A.C.; Moro, M.L.; Landini, M.P.; Sambri, V.

Persistence of anti-chikungunya virus-specific antibodies in a cohort of patients followed from the
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Immunization Challenge 23_
Vaccine Strain Vaccine Humoral Immune |
[A— Name TR Phase Dose (Strain R Ret
gainst Virus odelle er Dose Route Schedule , Route esponse(s)
Genotype)
2 age not 230 days)
specified
Cynomolgus .
2 _ Two doses 5 PRNTS0, ing C.:
macaques, 50 or 500 pg im. 3 x 10° PFU ' "
. R— - T (0 and 56 NS aerosol ~0.8logsg to
age no of electroporation Tl
gen 0 . days) 3510910 joratory
specified
i.m. ]
ree doses
2 Human clinical electroporation GMT PRNT80, 7 ne T !
) 0.5 0r 2 mg ) (days 0, 28, NA NA ’ ’
trial, Phase 1 orid. 4 56) to 78
an
electroporation rus
infection with nersistent
PVHX-671V-
2 1658 2 shots x 2.5 1.5 x 10° PFU
. BALB/c mice, Hg Four doses WEEV "
WEEV VHX-6 CBA87 Fleming, CBAS7 t ipitated (2 week Fleming, CBA i ND 1186]
- age no recipitate ene gun weeks leming, i.n. H
p or 71V-1658, - Sl it . etics of
specified on 0.5 mg apart) 87 or 71V-
PVHX-6 gold 1658, 8 wpim
Fleming
P .
2 \akgoi,
10% PFU
WEEV vIirus
o McMillan,
WEEV ) s.c. injection Two doses 183
X CD-1 mice, 4 Montana-64, . PRNT50, <40 to 187 .
and LANAC Electo WEEV McMillan 10 ug dorsal to the (2 weeks i.n.ors.c.
to 6 week old X . or EEEV 200
EEEV cervical spine apart) —
3 Florida-93, 4, and
5,9,11,0r 13
wpim d. Hyg.
. . [188]
CHIKV mRNA-1388 (or NA Human clinical 25, 50 or 100 i.m. Dose ND ND ‘dose-dependent

VAL-181388 in

trial, Phase 1

Hg

escalation

increase’ in

SJ.. vviimartiio, vi.«w., vvuuuall, J.Ir., LUIUCTL IM.Oo., OIHICL, J.V. U I1yUlIyTINyuUlly rocvoci. All EPIUCIIIIL: VIrUS

Disease in East Africa. 8. Virus Isolations from Anopheles Mosquitoes. Trans. R. Soc. Trop. Med.

Hyg. 1965, 59, 300-306.

32.

Kiwanuka, N.; Sanders, E.J.; Rwaguma, E.B.; Kawamata, J.; Ssengooba, F.P.; Najjemba, R.;

Were, W.A.; Lamunu, M.; Bagambisa, G.; Burkot, T.R.; et al. O’nyong-nyong fever in south-central
Uganda, 1996—-1997: Clinical features and validation of a clinical case definition for surveillance
purposes. Clin. Infect. Dis. 1999, 29, 1243-1250.

33.

Tappe, D.; Kapaun, A.; Emmerich, P.; de Mendonca Campos, R.; Cadar, D.; Gunther, S.; Schmidt-

Chanasit, J. O’'nyong-nyong virus infection imported to Europe from Kenya by a traveler. Emerg.

Infect. Dis. 2014, 20, 1766-1767.

34.

35.

Pathogenesis and Transmission Mechanisms. Pathogens 2020, 9, 738.

Diagne, C.T.; Bengue, M.; Choumet, V.; Hamel, R.; Pompon, J.; Misse, D. Mayaro Virus

Bessaud, M.; Peyrefitte, C.N.; Pastorino, B.A.; Gravier, P.; Tock, F.; Boete, F.; Tolou, H.J.;
Grandadam, M. O’nyong-nyong Virus, Chad. Emerg. Infect. Dis. 2006, 12, 1248-1250.
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2 Immunization Challenge er
™ Vaccine Strain Vaccine Humoral Immune !
. ) Name Phase Dose (Strain B Ref .
Against Virus Modelled After Dose Route Schedule oo ), Route esponse(s) Braz”l
enotype

clinical trials) procedure neutralizing and

(0and 4 binding antibody
3 weeks) titers V 1
act.

subcutaneous
. Lo injection in
AG129, age 0.4, 1 0r 10 i.v. tail vein Single dose 10%° TCID50 the footpad .
1 not specified mg/kg injection of CHK ot el tWO
the right leg
swaldo
Cynomolgus 189)
CHIKV mRNA-1944 SL15649 macaques, 2 0.5 mg/kg iv. Single dose ND ND FRNT50, 5 to 12 190
Po) to 3 year old ~ .
NT50, ‘all ylth
Human clinical .
trial, Phase 1 0.1, 0.3 and . Dose particip Vt )
. V. X NA NA showed circulating
(active, not 0.6 mg/kg escalation =
= neutralizing
4 rectuiting) antibody activity’ "OSS-
Subunit
4 est
Two doses 1000 TCID50 164]
CHIKV-sE1 and AG129 mice, 6 ; ) -
CHIKV S27 2 ug s.c. (0and 21 of S27 isolate, i.p. NT95, <25
-sE2 week old ) [101]
days) 9 wpim
4 f Five
CHIKV rE2p IND-06-AP3 BALB/c,6t0 8 10, 20 or 50 i.m. Two doses Mice i.n. NT50, 0.25log10 = .
week old Hg (2 weeks immunized to 2.5log10 and A
apart) with 50 pg
challenged
with 7 log10 )

40. ALuvias, J.I\., vviolialg, L., L)IUIJ_y, OD., AIIDVVUILIL, U, IDVIAUUIT Ul MUDD N\IVTIL VIIUD 11UITI |||uquItOGS
and from horses with signs of musculo-skeletal disease. Aust. Vet. J. 2003, 81, 344-347.

44. Kapeleris, J.; Lowe, P.; Phillips, D.; Wyatt, D.; Batham, M.; Devine, P. IgG avidity in the diagnosis
of acute Ross River virus infection. Dis. Marker. 1996, 12, 279-282.

45, Calisher, C.H.; Meurman, O.; Brummer-Korvenkontio, M.; Halonen, P.E.; Muth, D.J. Sensitive
enzyme immunoassay for detecting immunoglobulin M antibodies to Sindbis virus and further
evidence that Pogosta disease is caused by a western equine encephalitis complex virus. J. Clin.
Microbiol. 1985, 22, 566-571.

46. Kurkela, S.; Manni, T.; Myllynen, J.; Vaheri, A.; Vapalahti, O. Clinical and laboratory manifestations
of Sindbis virus infection: Prospective study, Finland, 2002—2003. J. Infect. Dis. 2005, 191, 1820—
1829.

47. Niklasson, B.; Espmark, A.; Lundstrom, J. Occurrence of arthralgia and specific IgM antibodies
three to four years after Ockelbo disease. J. Infect. Dis. 1988, 157, 832—835.

48. Griffin, D.E. Neurotropic Alphaviruses. In Neurotropic Viral Infections, 2nd ed.; Reis, C.S., Ed.;

Springer International Publishing: Cham, Switzerland, 2016; pp. 175-204.
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Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
Name Phase N Ref
Against Virus Modelled After - . . Dose (Strain, — Response(s) es:
Genotype)
TCID50 /mL, 4
c or 22 wpim i
CHIKE1 and 32
Three doses
CHIKE2 PRNT90, 320 4,
CHIKV i DRDE-06 BALB/c 40 pg s.C. (0, 21 and ND ND
E recombinant 35 days) 512 _I I .
proteins Y o
)|
Chimeric virus
E Measles virus-based chimeras on, T.E.
CHIKV MV-CHIKV 06-49 Single or PRNT50, 450 to [ﬁ
4 CD46-IFNAR,  10%to 10° ) two doses LOPFUof ) Gl 1e5)
i.p. CHIKV 06-49, i.p. [196]
6 week old TCID50 (30 days _ 197
C n) 2 mpim PRNT90, 50 to i ;
5 apa 450 tion in
Cynomolgus . 1.4 x 10° PFU
5x10° (+ Two doses
[ macaaques, 0.5 l0g) im. (28 days LR2006 e PRNT80, 40 to
~ age not OPY1, 56 >640
= TCID50 apart) )
specified dpim . J
Dose
1.5 x 104, escalation .
5 Human clinical 7.5 x 10% or ) (0 and 28 Line
tial. Phase 1 Lo i.m.ors.c. days, or 0 NA NA PRNT50, 5 to 433
TCID50 and 90 :entral
days)
5u. riaynuuuid, ., banaily, CM, Boyd, A.; Fazakerley, J.K. In Semliki Forest virus encephallus,
antibody rapidly clears infectious virus and is required to eliminate viral material from the brain,
but is not required to generate lesions of demyelination. J. Gen. Virol. 2008, 89, 2565-2568.
57. Amor, S.; Scallan, M.F.; Morris, M.M.; Dyson, H.; Fazakerley, J.K. Role of immune responses in
protection and pathogenesis during Semliki Forest virus encephalitis. J. Gen. Virol. 1996, 77,
281-291.
58. Fazakerley, J.K.; Webb, H.E. Semliki Forest virus-induced, immune-mediated demyelination:
Adoptive transfer studies and viral persistence in nude mice. J. Gen. Virol. 1987, 68, 377—385.
59. Metcalf, T.U.; Baxter, V.K.; Nilaratanakul, V.; Griffin, D.E. Recruitment and retention of B cells in
the central nervous system in response to alphavirus encephalomyelitis. J. Virol. 2013, 87, 2420—
2429.
60. Metcalf, T.U.; Griffin, D.E. Alphavirus-induced encephalomyelitis: Antibody-secreting cells and
viral clearance from the nervous system. J. Virol. 2011, 85, 11490-11501.
61. Teo, T.H.; Lum, EM.; Claser, C.; Lulla, V.; Lulla, A.; Merits, A.; Renia, L.; Ng, L. F. A pathogenic

role for CD4+ T cells during Chikungunya virus infection in mice. J. Immunol. 2013, 190, 259-2609.

https://encyclopedia.pub/entry/10317 24/39



Antibody-Mediated Alphavirus Immunity | Encyclopedia.pub

Immunization

Challenge

! . ) 1es in
Vaccine Strain Vaccine Humoral Immune
[P Name Modelled Aft Phase Dose (Strain B Ref
gainst virus ocetle er Dose Route Schedule ' Route Sese
Genotype)
€ o 5x10%0r5 Three doses
Human clinical . PRNT50, ~5 to
) x 10° i.m. (0, 28, and NA NA E
trial, Phase 2 5000 b Xp
TCID50 196 days)
Med. 1936, 63, 311-324
Alphavirus-based chimeras
5.8 l0gso 1 with
PFU
REECHINY _ (VEE/CHIKV 6.5 logy PFU
NIH Swiss, X
and s.c. in the . (Ross CHIKV . PRNT80, 20 to 1681
CHIKV EEE/CHIKV LR2006 OPY1 C57BL/6, >3 o Single dose i i.n. 298]
SIN/CHIKV), medial thigh strain), 21 320
E week old |
SINICHIKV 5.3 logio Gl
PrU J. Exp.
(EEE/CHIKV)
VEE/IRES- 102 PFU of
€ CHIKV _ LR2006 sts
A129 mice, 6 . 1001
CHIKV NA 10% PFU s.c. Single dose OPY1, 5 s.c. PRNT80, >640 [199]
to 9 week old from
VEE/IRES- weeks post
C/CHIKV immunization 79 787
[125]
CHIKV EILV-CHIKV CHIKV 996659 6 log;o PFU X
€ C57BL/6 mice, 8.8 0gyo ) W ) [220] .ystem
s.C. Single dose 99659, 30 i.d. PRNTS80, = 80
4 week old PFU .
dpim e
~
69.
3log;o PFU
IFNa/BR-/-, 6 8.8 log;o ) ) PRNT80, 160 to
s.c. Single dose 99659, 292 id.
E week old PFU i 1280
dpim
7 7
65. nunwa, 1., i, w.c. £Xtensive immune-mediated hippocampal damage in mice surviving

infection with neuroadapted Sindbis virus. Virology 2003, 311, 28-39.

70. Rabinowitz, S.G.; Adler, W.H. Host defenses during primary Venezuelan equine encephalomyelitis
virus infection in mice. |. Passive transfer of protection with immune serum and immune cells. J.

Immunol. 1973, 110, 1345-1353.

71. Couderc, T.; Khandoudi, N.; Grandadam, M.; Visse, C.; Gangneux, N.; Bagot, S.; Prost, J. F,;
Lecuit, M. Prophylaxis and therapy for Chikungunya virus infection. J. Infect. Dis. 2009, 200, 516—

523.

72. Lee, C.Y.; Kam, Y.W.; Fric, J.; Malleret, B.; Koh, E.G.; Prakash, C.; Huang, W.; Lee, W. W.; Lin,
C.; Lin, R. T. Chikungunya virus neutralization antigens and direct cell-to-cell transmission are
revealed by human antibody-escape mutants. PLoS Pathog. 2011, 7, e1002390.

73. Holzer, G.W.; Coulibaly, S.; Aichinger, G.; Savidis-Dacho, H.; Mayrhofer, J.; Brunner, S.; Schmid,
K.; Kistner, O.; Aaskov, J. G.; Falkner, F.G.; et al. Evaluation of an inactivated Ross River virus
vaccine in active and passive mouse immunization models and establishment of a correlate of

protection. Vaccine 2011, 29, 4132-4141.
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= Immunization Challenge H
/ Vaccine Strain Vaccine Humoral Immune unlty
. ) Name Phase Dose (Strain B Ref
Against Virus Modelled After Dose Route Schedule oo ), Route esponse(s) |ent
enotype
S 5 logyo PFU
i Cynomolgus i.m. into the )
/ macaques, 3 8.1 logo right Single dose LR2006 S AL :atlon
to 5 years PRU quadriceps IR ER 640
and assembly. Future M dpim
7 Adult CD-1 105 PFU
PRNT80, 80 to
EEEV EILV/EEEV EEEV FL-93 mice (age not 108 PFU s.c. Single dose EEEV-FL93, i.p. T
specified) 70 dpim
7 Trival PRNT80, 40 to
rivalent EEEV FL-93, Adult CD-1 10° PFU 640 and 20 to 640
EILV/IEEEV . . .
EEEV VEEV IAB TC-83, mice (age not 108 PFU s.c. Single dose EEEV-FL93, i.p. for mono- and
EILV/VEEV . . . .
CHIKV 996659 specified) 70 dpim trivalent vaccines
EILV/CHIKV .
respectively
2 29 xquine
Adult CD-1 108 PFU
PRNT80, 80 to
VEEV EILV/IEEEV VEEV IAB TC-83 mice (age not 108 PFU s.c. Single dose VEEV-IC s.C. Aoan
specified) 3908, 70 dpim
= TeElaR PRNT80, 40 to . R
/ rvaen EEEV FL-93, Adult CD-1 10% PFU 640 and 20 to 80 n 0SS
EILV/EEEV,
VEEV VEEV IAB TC-83, mice (age not 108 PFU s.c. Single dose VEEV-IC s.C. for mono- and
EILV/VEEV . . . .
CHIKV 996659 specified) 3908, 70 dpim trivalent vaccines
ElLVICHIkY respectively
8 yrotein
EEEV NIH Swiss 3.7,4.70r 6 logyo PFU CRNTED 12 200
(Sindbis SIN/NAEEEV EEEV FL93-939 mice, 8 week 5.7 logg s.c. Single dose FL93-939, 28 i.p. 220 ot
8 virus) old PFU dpim pe map
1e alphaviral E1 and E2 proteins reveals a new E2 epitope with significant virus neu  izing
acuvity. PLOS Negl. Trop. Dis. 2010, 4, e739.

82. Kam, Y.W.; Lee, W.W.; Simarmata, D.; Le Grand, R.; Tolou, H.; Merits, A.; Roques, P.; Ng, L. F.
Unique epitopes recognized by antibodies induced in Chikungunya virus-infected non-human
primates: Implications for the study of immunopathology and vaccine development. PLoS ONE
2014, 9, e95647.

83. Adouchief, S.; Smura, T.; Vapalahti, O.; Hepojoki, J. Mapping of human B-cell epitopes of Sindbis
virus. J. Gen. Virol. 2016, 97, 2243-2254.

84. Chanas, A.C.; Gould, E.A.; Clegg, J.C.; Varma, M.G. Monoclonal antibodies to Sindbis virus
glycoprotein E1 can neutralize, enhance infectivity, and independently inhibit haemagglutination
or haemolysis. J. Gen. Virol. 1982, 58, 37—46.

85. Despres, P.; Griffin, J.W.; Griffin, D.E. Antiviral activity of alpha interferon in Sindbis virus-infected
cells is restored by anti-E2 monoclonal antibody treatment. J. Virol. 1995, 69, 7345—-7348.

86. Despres, P.; Griffin, J.W.; Griffin, D.E. Effects of anti-E2 monoclonal antibody on sindbis virus

replication in AT3 cells expressing bcl-2. J. Virol. 1995, 69, 7006—7014.
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Immunization Challenge ’inS Of
Vaccine Strain Vaccine Humoral Immune r
[P Name Modelled Aft Phase Dose (Strain B Ref
gainst virus ocetle er Dose Route Schedule ' Route Sese en.
Genotype)
NIH Swiss 3.8,4.80or 6 logyo PFU
SIN/SAEEEV EEEV ice, 8 k 58I Single d FL93-939, 28 i AL
mice, 8 weel .8 lo s.C. ingle dose -939, i.p. H H
Ee. BeAr436087 o J ) ¥ 308 —. —indbis
old PFU dpim
Viru:
VEEV ! 106 PFU —
Weanling NIH ) . 202]
8 ) ) 108, 104, 10° . VEEV IC s.c.in medial PRNT80, 30 to
Swiss mice, 6 s.c. Single dose .
p—— or 106 PFU ZPC7381C thigh 960
e SHa rus. J.
SIN-83 VEEV IAB TC-83
) 2 x10° or 10°
NIH Swiss . PRNT80, 55 to 73
C . PFU VEEV s.c., i.c., or .
bvi mice, 6 week 5 x 10° PFU s.c. Two doses . (single), 100 to
ZPC738, 8 in.
old . 160 (booster)
wpim |d
firus.
) 2 x 105 or 108
NIH Swiss PRNT80, 126 to
PFU VEEV s.c., i.c., or
SAAR/TRD VEEV IAB TrD mice, 6 week 5 x 10° PFU s.C. Two doses ) 167 (single), 152
ZPC738, 8 in.
old . to 160 (booster)
c wpim
3 g
) 2 x 105 or 108 3
NIH Swiss . PRNT80, 37 to 57
. PFU VEEV s.c., i.c., or .
SIN/TRD VEEV IAB TrD mice, 6 week 5 x 10° PFU s.C. Two doses ) (single), 50 to 73
C ZPC738, 8 in. N .
bvi old . (booster) .y
wpim
nal
) 2 x 10 or 108
NIH Swiss . PRNT80, 187 to
. PFU VEEV s.c., i.c., or .
SIN/zPC VEEV ID ZPC738 mice, 6 week 5x 10° PFU s.C. Two doses TG ) 253 (single), 253
] i.n. .
g old wpim to 487 (booster) HaS'[Ie,
b~
, , , , S i Zell

94.

95.

96.

97.

opes in the N- and C-Terminal Regions that are Dependent on an Intact C-Terminus
Antibody Recognition. Viruses 2015, 7, 2943-2964.

Goh, L.Y.H.; Hobson-Peters, J.; Prow, N.A.; Gardner, J.; Bielefeldt-Ohmann, H.; Suhrbier, A.; Hall,
R. A. Monoclonal antibodies specific for the capsid protein of chikungunya virus suitable for
multiple applications. J. Gen. Virol. 2015, 96, 507-512.

Sun, S.; Xiang, Y.; Akahata, W.; Holdaway, H.; Pal, P.; Zhang, X.; Diamond, M. S.; Nabel, G. J.;
Rossmann, M. G. Structural analyses at pseudo atomic resolution of Chikungunya virus and
antibodies show mechanisms of neutralization. eLife 2013, 2, e00435.

Voss, J.E.; Vaney, M.C.; Duquerroy, S.; Vonrhein, C.; Girard-Blanc, C.; Crublet, E.; Thompson, A.;
Bricogne, G.; Rey, F. A. Glycoprotein organization of Chikungunya virus particles revealed by X-
ray crystallography. Nature 2010, 468, 709-712.

Broeckel, R.; Fox, J.M.; Haese, N.; Kreklywich, C.N.; Sukulpovi-Petty, S.; Legasse, A.; Smith, P.
P.; Denton, M.; Corvey, C.; Krishnan, S.; et al. Therapeutic administration of a recombinant human
monoclonal antibody reduces the severity of chikungunya virus disease in rhesus macaques.
PL0oS Negl. Trop. Dis. 2017, 11, e0005637.
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C Immunization Challenge Vl .
~ Vaccine Strain Vaccine Humoral Immune .
Against Vil Name Modelled Aft Phase Dose (Strain R Ref i
gainst virus ocetle er Dose Route Schedule ' Route Sese Epltope
Genotype)
VEEV IAB TC-83, Syrian golden X . .
s.c. in the . s.c.in medial
C All the above IAB TrD, ID hamsters, 6 5 x 105 PFU o Single dose 10° PFU . ND 9
I~ ~ medial thigh thigh ._,m:oOI’e,
ZPC738 week old
K.; \ ncephalitis
5.3 1o PFU
NIH Swiss 35,45, or - 87—
WEEV C092- s.c. in the WEEV PRNT80, 20 to
SIN/C0O92 mice, 6 week 5.0 logyg X X Single dose in.
1356 medial thigh TBT235, 28 640
old PFU )
dpim
1C splay
5.0 lo PFU
NIH Swiss ‘ s
_ . 4.80r5.8 s.c.in the . WEEV ) PRNT80, 600 to 203
WEEV SIN/SIN/McM WEEV McMillan mice, 6 week i i Single dose i in. 1203]
. logyo PFU medial thigh McMillan, 28 604
0
dpim
_ 5.0 logyo PFU P
EEEV 436087 NIH Swiss .
. 4.6 or5.6 s.c.in the . WEEV X PRNT80, 416 to )pl
SIN/EEE/McM and WEEV mice, 6 week _ _ Single dose _ in. "
. log;o PFU medial thigh McMillan, 28 420
McMillan old .
dpim
1C Vaccinia virus-based chimeras
Ross
107 PFU _—
s.c.inthe
C57BL/6 mice,  (first dose), 2 Two doses 106 PFU . . 20201
. dorsal side of NT50, ~100 to 04
CHIKV MVA-CHIKV LR2006-OPY1 6 to 8 week x 107 PFU i.p. (2 weeks LR2006- ) [204]
. each hind 3000
old (second apart) OPY1, 9 wpim
foot
dose)
1C 1, M. S.
CHIKV MVA-CHIK LR2006-OPY1 BALB/c mice, 107 TCID50 i.d. injection Single or 104 i.d. TCIDS0, 51015 2% iVity J
4 to 6 week units into the left two doses
old hind footpad. LR2006 OPY1

TCID50 units

104. Zhang, R.; Kim, A.S.; Fox, J.M.; Nair, S.; Basore, K.; Klimstra, W.B.; Rimkunas, R.; Fong, R. H.;
Lin, H.; Poddar, S.; et al. Mxra8 is a receptor for multiple arthritogenic alphaviruses. Nature 2018,

557, 570-574.

105.

Zhang, R.; Earnest, J.T.; Kim, A.S.; Winkler, E.S.; Desai, P.; Adams, L.J.; Hu, G.; Bullock, C.;

Gold, B.; Cherry, S.; et al. Expression of the Mxra8 Receptor Promotes Alphavirus Infection and
Pathogenesis in Mice and Drosophila. Cell Rep. 2019, 28, 2647—-2658.e5.

106.

Basore, K.; Kim, A.S.; Nelson, C.A.; Zhang, R.; Smith, B.K.; Uranga, C.; Vang, L.; Cheng, M.;

Gross, M. L.; Smith, J.; et al. Cryo-EM Structure of Chikungunya Virus in Complex with the Mxra8

Receptor. Cell 2019, 177, 1725-1737.e16.

107.

Song, H.; Zhao, Z.; Chai, Y.; Jin, X,; Li, C.; Yuan, F,; Liu, S.; Gao, Z.; Wang, H.; Song, J.; et al.

Molecular Basis of Arthritogenic Alphavirus Receptor MXRAS8 Binding to Chikungunya Virus

Envelope Protein. Cell 2019, 177, 1714-1724.e12.

108.

Gould, E.; Pettersson, J.; Higgs, S.; Charrel, R.; de Lamballerie, X. Emerging arboviruses: Why
today? One Health 2017, 4, 1-13.
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1C Immunization Challenge
Vaccine Strain Vaccine Humoral Immune
[P Name Modelled Aft Phase Dose (Strain B Ref
gainst virus ocetle er Dose Route Schedule ' Route Sese
Genotype)
11 (28 days at 39 or 42 1 main
apart) dpim
stern
102
. iniecti Single or
i.d. injection
AGI129,6t0  107TcDso o two doses  LR2006 OPY1 _ .
11 _ into the left _ id. TCID50, 4 to 8 oonotic
10 week old units ) (28 days TCID50 units
hind footpad.
apart) at 39 or 42
dpim
11 Jictus
10°
MVA-6KE1, i.m. into the Health
MVA-E3E2 AG129 mice, 7 5 x 10° dri Two doses Teiso
- s mice, x uadriceps
CHIKV CHIKV S27 . P (3 weeks CHIKV-S27 i.p. NT100, 10 to 160 206
MVA- week old TCID50 muscles of the
apart) and CHIKV-
6KE1E3E2 left leg
11 IND/NL10, 63
) S
dpim
MVA-BN-E/V/W
11 (monovalent) NT50, ~750 to er, J.;
5x 10° or 10* 3800
MVA-BN-E +
PFU of WEEV (monovalent), ~ )Ie and
EEEV, MVA-BN-V + WEEV 71 V-1658, . . i
BALB/c mice, Two doses Fleming, <60 to 340 (triple
VEEV, MVA-BN-W EEEV FL93- 5 ) ) ) _—
. . age not 10° TCID50 s.c.ori.m. (28 days EEEV PES, or in. mixture of
and (triple mixture of ~ 939NA and VEEV =
specified apart) VEEV TiD, 14 monovalent
WEEV monovalent TD i
. days post vaccines) and ~
vaccines)
11 booster <60 to 380 l P .
i ) "
MVA-BN-WEV (trivalent)
(trivalent) cine Is

116.

117.

118.

1109.

Immunol. 2015, 22, 267-273.

Chang, L.J.; Dowd, K.A.; Mendoza, F.H.; Saunders, J.G.; Sitar, S.; Plummer, S.H.; Yamshchikov,
G.; Sarwar, U.N.; Hu, Z.; Enama, M.E.; et al. Safety and tolerability of chikungunya virus-like
particle vaccine in healthy adults: A phase 1 dose-escalation trial. Lancet 2014, 384, 2046—2052.

Chen, G.L.; Coates, E.E.; Plummer, S.H.; Carter, C.A.; Berkowitz, N.; Conan-Cibotti, M.; Cox,
J.H.; Beck, A.; O’Callahan, M.; Andrews, C.; et al. Effect of a Chikungunya Virus-Like Particle
Vaccine on Safety and Tolerability Outcomes: A Randomized Clinical Trial. JAMA 2020, 323,
1369-1377.

Akahata, W.; Nabel, G.J. A specific domain of the Chikungunya virus E2 protein regulates particle
formation in human cells: Implications for alphavirus vaccine design. J. Virol. 2012, 86, 8879—
8883.

Chen, R.; Puri, V.; Fedorova, N.; Lin, D.; Hari, K.L.; Jain, R.; Rodas, J.D.; Das, S.R.; Shabman,
R.S.; Weaver, S.C. Comprehensive Genome Scale Phylogenetic Study Provides New Insights on
the Global Expansion of Chikungunya Virus. J. Virol. 2016, 90, 10600-10611.

120. Xavier, J.; Fonseca, V.; Bezerra, J.F.; do Monte Alves, M.; Mares-Guia, M.A.; Claro, |.M.; de

Jesus, R.; Adelino, T.; Aradjo, E.; Cavalcante, K.R.L.J; et al. Chikungunya virus ECSA lineage
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Immunization Challenge 73
Vaccine Strain Vaccine Humoral Immune "
Against Virus Name Modelled After Phase - . . Dose (Strain, — Response(s) Ref .
12 Genotype) h Im y
Adenovirus-based chimeras

in

10* CCID50 s.c. into side
CD-1or .
a3 i . LR2006 OPY1 of each hind 208
CHIKV CAdVax-CHIK LR2006 OPY1 C57BL/6, 6 to 10° U i.p. Single dose NT100, ~2000

- or QIMR, 6.5 foot towards

12 wpim the ankle es,

nd
BALB/c, 6108 5 ) . % 103
CHIKV e 10° IU im. Single dose ND ND NT50, 5.39 x 10 ‘St
ChAdOx1 Chik 0.7 x 104 PEU fii
AG129, 5 o . LR2006 i.d. into the N
12 week old 108 1U i.m.ineachleg Single dose OPY1, 30 left oot ND )A
e strains
NA
ChAdOXx1 Chik o 9.7 x 104 PFU i.d. into the e
. AG129, 5 6O |.mj in each Single dose of LR2006 left foot (Chik), 16 t0 32 2111 .
12 ChAdOx1 Chik week old hind leg OPY.tL, 30 towards the (Chik ACap) '||ggs’
ACap dpim ankle B
virus
) - 5x 109 25
(?H>|K00% (in HL.Jman clinieal x 1010 or 5 x i.m. Single dose ND ND ND [212]
clinical trials) trial, Phase 1 101 vp .
12 Chiu,
1.6 x 10% PFU lidates
AG129, 5 1.6 x 104 . . . i.d. into the PRNT50, 160 to
MAYV ChAdOx1 May NA im.ineachleg Single dose MAYV-CH, 30 [210]
week old PFU dpim left foot 620
VEEV Rad/VEEV#3 VEEV IAB TC-83 BALB/c,6t0 8 107 PFU i.n. Three doses Dose ND, 28 aerosol PRNT50 (NP) 213

12 week old (ato, 7 and dpim 1an, M.:
Taylor, A. Liposomal Delivery of the RNA Genome of a Live-Attenuated Chikungunya Virus
Vaccine Candidate Provides Local, but Not Systemic Protection After One Dose. Front. Immunol.
2020, 11, 304.

127. Taylor, A.; Liu, X.; Zaid, A.; Goh, L.Y.; Hobson-Peters, J.; Hall, R.A.; Merits, A.; Mahalingam, S.
Mutation of the N-Terminal Region of Chikungunya Virus Capsid Protein: Implications for Vaccine
Design. mBio 2017, 8, e01970-16.

128. Kistner, O.; Barrett, N.; Bruhmann, A.; Reiter, M.; Mundt, W.; Savidis-Dacho, H.; Schober-
Bendixen, S.; Dorner, F.; Aaskov, J. The preclinical testing of a formaldehyde inactivated Ross
River virus vaccine designed for use in humans. Vaccine 2007, 25, 4845—-4852.

129. Aichinger, G.; Ehrlich, H.J.; Aaskov, J.G.; Fritsch, S.; Thomasser, C.; Draxler, W.; Wolzt, M.;
Muller, M.; Pinl, F.; Van Damme, P.; et al. Safety and immunogenicity of an inactivated whole virus
Vero cell-derived Ross River virus vaccine: A randomized trial. Vaccine 2011, 29, 9376-9384.

130. Chan, Y.H.; Teo, T.H.; Utt, A.; Tan, J.J.; Amrun, S.N.; Abu Bakar, F.; Yee, W.-X.; Becht, E.; Lee,

C.Y.-P.; Lee, B.; et al. Mutating chikungunya virus non-structural protein produces potent live-
attenuated vaccine candidate. EMBO Mol. Med. 2019, 11, e10092.
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2 Immunization Challenge .
~ Vaccine Strain Vaccine Humoral Immune ”a’ V"
. X Name Phase N Ref
Against Virus Modelled After - . . Dose (Strain, — Response(s)
Genotype)
21 days)
13 N.;
Two doses
BALB/c, 6 to 8 o i 5000 LD50 214)
10" PFU in. (at0, 21 . aerosol ND
week old days) TrD, 42 dpim
27.
13 BALB/c mice, Single or Lo 193 PRy
WEEV Ad5-WEEV WEEV 71V-1658 age not 107 PFU im. two doses Fleming or in. PRNT50, 160 b B .
specified (at 4 weeks) 71\/_16_58' B >Cine In
wpim
203.
50 LD50 of
13 71V-1658, 7
BALB/c mice, dpim, or
WEEV Ad5-E1 WEEV 71V-1658 6 to 9 week 107 PFU i.m.in bothleg  Single dose in. PRNT50, <10 2181
old 400 LD50
CBA87,1,3,5
or 7 dpim
13 Vesiculovirus-based chimeras M N
i.m. into the 10* PFU LR )
CHIKV  rVSVAG-CHIKV CHIKV S27 STl 10° PFU righthindleg  Single dose 2006 OPY1 s.c.inthe left RN, O 217
week old o rear footpad 640 ) 6748—
muscle 30 dpim
10* PFU PRNT80, 288 to - i
13 CD-1,41t06 o ) ) VEEV 600 at 25 and 35 wnsan
VEEV rVSIV-VEEV VEEV ZPC738 10°/10° PFU im. Single dose s.C. .
week old ZPC738, 35 or dpim, 304 to 360
245 dpim at 245 dpim ulfate-
L0148,
e27109.

137. Ludwig, G.V.; Turell, M.J.; Vogel, P.; Kondig, J.P.; Kell, W.K.; Smith, J.F.; Pratt, W.D. Comparative
neurovirulence of attenuated and non-attenuated strains of Venezuelan equine encephalitis virus
in mice. Am. J. Trop. Med. Hyg. 2001, 64, 49-55.

138. Reed, D.S,; Lind, C.M.; Lackemeyer, M.G.; Sullivan, L.J.; Pratt, W.D.; Parker, M.D. Genetically
engineered, live, attenuated vaccines protect nonhuman primates against aerosol challenge with
a virulent IE strain of Venezuelan equine encephalitis virus. Vaccine 2005, 23, 3139-3147.

139. Fine, D.L.; Roberts, B.A.; Terpening, S.J.; Mott, J.; Vasconcelos, D.; House, R.V. Neurovirulence
evaluation of Venezuelan equine encephalitis (VEE) vaccine candidate V3526 in nonhuman
primates. Vaccine 2008, 26, 3497-3506.

140. Main, C.E.D.; Snow, D.; Mallory, R.M.; Helber, S.; Terpening, S.; Holley, H.P. Safety of an
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